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COMMUNICATION SYSTEMAND 
COMMUNICATION APPARATUS 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

This application is a continuation of, and claims the benefit 
of priority to, application Ser. No. 1 1/838,715, filed Aug. 14, 
2007 now U.S. Pat. No. 7,894,770, which claims the benefit 
of foreign priority to Japanese Patent Application JP 2006 
245615 filed in the Japanese Patent Office on Sep. 11, 2006, 
and to Japanese Patent Application JP 2007-148673 filed in 
the Japanese Patent Office on Jun. 4, 2007. The entire con 
tents of which these applications are incorporated herein by 
reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to communication systems 

for communicating a large amount of data between informa 
tion devices, and more particularly to a communication sys 
tem for performing data communication between information 
devices without interfering with other communication sys 
tems by using an electrostatic field (quasi-electrostatic field) 
or an induced electric field. 
More specifically, the present invention relates to a com 

munication system for implementing high-capacity transmis 
sion of radio-frequency (RF) signals by using electric field 
coupling, and more particularly to a communication system 
for making the arrangement between a transmitter and a 
receiver and the design of a communication apparatus flexible 
by expanding the distance between electrodes, which are 
provided to achieve electric-field coupling, of the transmitter 
and the receiver. 

2. Description of the Related Art 
Recently, the use of wireless interfaces in transferring data 

between Small information devices, such as when image data 
or music data is exchanged between a small information 
device and a personal computer (PC), is becoming more 
widespread in place of data transmission using a general 
cable. Such as an audio/visual (AV) cable or a universal serial 
bus (USB) cable, to interconnect the information devices or 
using a medium such as a memory card. Wireless interfaces 
are user-friendlier because they do not involve the reconnec 
tion of connectors and the wiring of a cable every time data 
transmission is performed. Various information devices hav 
ing cableless communication functions are now available. 
As methods of cableless data transmission between Small 

devices, besides wireless local area networks (LANs) repre 
sented by the Institute of Electrical and Electronics Engineers 
(IEEE) 802.11 and Bluetooth R, radio communication 
schemes of performing transmission/reception of radio sig 
nals using antennas have been developed. For example, a 
proposal has been made for a portable image recording appa 
ratus containing an internal antenna placed at a position not 
covered with a handholding agrip (for example, see Japanese 
Unexamined Patent Application Publication No. 2006 
106612). Since the internal antenna is not covered with the 
hand, correct image data is received. Even in the case where 
the antenna for wireless communication is placed inside the 
apparatus, the antenna can exert its characteristics. 
Many known wireless communication systems employ 

radio communication schemes and allow signals to propagate 
using a radiated electric field generated in the case where 
current flows through an aerial (antenna). In this case, a 
transmitter side emits radio waves regardless of the presence 
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2 
of a communication partner. This may generate jamming 
waves which disturb the neighboring communication sys 
tems. An antenna at a receiver side receives not only desired 
waves from the transmitter, but also radio waves arriving from 
far away. Thus, the antenna at the receiverside is Susceptible 
to the influence of ambient jamming waves, resulting in a 
reduction of the reception sensitivity. In the case where a 
plurality of communication partners exists, a complicated 
setting is necessary to be done in order to select a desired 
communication partner from the plurality of communication 
partners. For example, in the case where a plurality of pairs of 
wireless devices perform wireless communication within a 
narrow range, division multiplexing Such as frequency selec 
tion is necessary to be done in order to perform communica 
tion that does not interfere with other pairs of wireless 
devices. Since a radio wave perpendicular to the direction of 
polarization is not communicated, the directions of polariza 
tion of the antennas of the transmitter and the receiver are 
necessary to be aligned. 

For example, in the case of a contactless data communica 
tion system in which communication is performed within a 
very short distance from a few millimeters to a few centime 
ters, it is preferable that the transmitter and the receiver be 
coupled strongly within a short distance, but a signal not reach 
across along distance in order to avoid interference with other 
systems. It is also preferable that data communication devices 
be coupled with each other regardless of the orientations 
(directions) thereof in the case where the data communication 
devices are placed in close proximity with each other, that is, 
it is preferable that the devices have no directivity. In order to 
perform high-capacity data communication, it is preferable 
that the devices can perform broadband communication. 

In wireless communication, besides the above-mentioned 
radio communication using a radiated electric field, various 
communication schemes using an electrostatic field or an 
induced electric field are available. For example, an electric 
field coupling scheme or an electromagnetic-induction 
scheme is employed in existing contactless communication 
systems mainly used in radio frequency identification 
(RFID). An electrostatic field or an induced electric field is 
inversely proportional to the square or the cube of the distance 
from the source thereof. In this type of contactless commu 
nication system, a transmission signal is rapidly attenuated 
according to the distance. In the case where no nearby com 
munication partner exists, no coupling relationship occurs, 
and hence other communication systems are not disturbed. 
Even in the case where radio waves arrive from far away, an 
electric-field-coupling antenna (hereinafter called “EFC 
antenna') receives no radio waves, and hence the present 
system is not interfered with by other communication sys 
temS. 

For example, a proposal for an RFID tag system has been 
made (for example, see Japanese Unexamined Patent Appli 
cation Publication No. 2006-60283). In this system, pairs of 
communication auxiliary units are arranged so that RFID tags 
are positioned between a plurality of communication auxil 
iary units. By arranging RFID tags attached to a plurality of 
merchandise items so as to be sandwiched between the com 
munication auxiliary units, stable reading and writing of 
information can be implemented even in the case where RFID 
tags overlap one another. 
A proposal for a data communication apparatus using an 

induced magnetic field has been made (for example, see Japa 
nese Unexamined Patent Application Publication No. 2004 
214879). The apparatus includes a main body, a mounting 
tool configured to mount the main body to a physical body of 
a user, an antenna coil, and a data communication unit con 
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figured to perform contactless data communication with an 
external communication apparatus via the antenna coil. The 
antenna coil and the data communication unit are placedonian 
outer casing provided above the main body of the apparatus. 
A proposal has been made for a cellular phone, which is en 5 

exemplary portable information device, provided with an 
RFID, which ensures a communication distance without sac 
rificing the portability (for example, see Japanese Unexam 
ined Patent Application Publication No. 2005-18671). A 
memory card to be inserted into the portable information 10 
device includes an antenna coil configured to perform data 
communication with an external device. An RFID antenna 
coil is provided in the exterior of a memory-card insertion slot 
of the portable information device. 

Because known RFID systems employing an electrostatic 15 
field oran induced electric field use lower-frequency signals, 
the systems communicate at a low speed and are thus not 
Suitable for high-capacity data transmission. In contrast, the 
inventor of the present invention believes that high-capacity 
transmission can be implemented by transferring higher-fre- 20 
quency signals using electric-field coupling. 
The strength of a radiated electric field is gradually attenu 

ated in inverse proportion to the distance. In contrast, the 
strength of an induced electric field or an electrostatic field is 
rapidly attenuated in inverse proportion to the square or the 25 
cube of the distance. That is, a signal is greatly attenuated 
according to the communication distance. A propagation loss 
is defined according to the propagation distance relative to the 
wavelength. In the case of transmitting an RF signal using 
electric-field coupling, the problem of the propagation loss 30 
according to the interelectrode distance becomes striking. It is 
thus necessary to attach coupling electrodes of a transmitter 
and a receiver as much as possible. This involves fine align 
ment of the electrodes. During data communication, the posi 
tions of the electrodes are necessary to be maintained, which 35 
is inconvenient for a user. Also, the transmitter and the 
receiver have difficulty in performing direct communication 
over a long distance. 

In the case where each of the coupling electrodes is 
mounted inside the casing of the communication apparatus, it 40 
is necessary to place each electrode as close to the outside of 
the casing as possible in order to reduce the interelectrode 
distance during data communication. This limits the degree of 
freedom in designing the layout of the casing. The coupling 
electrodes are preferably small and inexpensive. 45 

SUMMARY OF THE INVENTION 

It is desirable to provide an excellent communication sys 
tem that can perform data communication between informa- 50 
tion devices using an electrostatic field oran induced electric 
field without interfering with other communication systems. 

It is also desirable to provide an excellent communication 
system that can perform high-capacity data transmission of 
RF signals by employing a communication scheme using an 55 
electrostatic field or an induced electric field. 

It is also desirable to provide an excellent communication 
system that can make the arrangement between a transmitter 
and a receiver and the design of a communication apparatus 
flexible by expanding the distance between coupling elec- 60 
trodes of the transmitter and the receiver. 

According to an embodiment of the present invention, 
there is provided a communication system including the fol 
lowing elements: a transmitter including a transmission cir 
cuit unit configured to generate an RF signal for transmitting 65 
data and an EFC antenna configured to transmit the RF signal 
as an electrostatic magnetic field; a receiver including an EFC 

4 
antenna and a reception circuit unit configured to receive and 
process the RF signal received by the EFC antenna; and 
Surface-wave propagation means configured to provide a Sur 
face-wave transmission line to transmit a surface wave ema 
nating from the EFC antenna of the transmitter with low 
propagation loss. 
The “system’ mentioned here refers to a logical assembly 

of a plurality of devices (or function modules that realize 
specific functions) and does not make any distinction between 
whether or not the devices or the function modules are con 
tained in a single casing (the same applies hereinafter). 

User-friendliness is improved in the case where data trans 
fer between small information devices, such as when data 
including images or music is exchanged between a small 
information device and a PC, is implemented in a cableless 
manner. However, many wireless communication systems 
represented by wireless LANs use a radiated electric field 
generated by allowing current to flow through an antenna. 
Therefore, radio waves are emitted regardless of the presence 
of a communication partner. Since the radiated electric field is 
attenuated gradually in inverse proportion to the distance 
from the antenna, a signal reaches relatively far. This may 
generate jamming waves which disturb the neighboring com 
munication systems. Due to the Surrounding jamming waves, 
the sensitivity of an antenna at a receiver side is reduced. In 
short, it is difficult to implement wireless communication 
using a radio communication scheme in which a communi 
cation partner is limited to that located at a very short dis 
tance. 

In contrast, in a communication system using an electro 
static field or an induced electric field, no coupling relation 
ship occurs in the case where no nearby communication part 
ner exists. The strength of an induced electric field or an 
electrostatic field is rapidly attenuated in inverse proportion 
to the square or the cube of the distance from the source 
thereof. That is, no unnecessary electric fields are generated, 
and electric fields do not reach far, whereby other communi 
cation systems are not disturbed. Even in the case where radio 
waves arrive from far away, the coupling electrode receives 
no radio waves, and hence the system is not interfered with by 
other communication systems. 
Known contactless communication systems using an elec 

trostatic field or an induced electric field are not suitable for 
high-capacity data transmission since they use lower-fre 
quency signals. The inventor of the present invention believes 
that, even in this type of contactless communication system, 
high-capacity data transmission can be implemented by using 
higher-frequency signals. 
The strength of an induced electric field or an electrostatic 

field is rapidly attenuated in inverse proportion to the square 
or the cube of the distance. The use of RF signals, which have 
short wavelengths, leads to a large propagation loss. It is 
therefore necessary to attach the coupling electrodes of the 
transmitter and the receiver as much as possible, meaning that 
communication over a long distance is difficult. In order to 
place the coupling electrodes sufficiently close to each other, 
the electrodes are necessary to be aligned in a very fine 
manner. The positions of the electrodes are necessary to be 
maintained during data communication, which is inconve 
nient for a user. 

In contrast, the communication system according to the 
embodiment of the present invention employs a communica 
tion scheme of transmitting an RF signal using electric-field 
coupling. Since the Surface-wave propagation means trans 
fers a Surface wave emanating from the coupling electrode of 
the transmitter, data transmission can be implemented with 
out bringing the electrodes of the transmitter and the receiver 
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sufficiently close to each other or without performing very 
fine alignment of the electrodes. 
The Surface-wave propagation means includes, for 

example, a line-shaped dielectric or magnetic Surface-wave 
transmission line. The Surface-wave transmission line is dis 
posed along the direction of travel of a longitudinal wave of 
an electromagnetic wave emanating from the coupling elec 
trode of the transmitter. Such a surface-wave transmission 
line allows a Surface wave to efficiently propagate inside and 
on the surface of the transmission line. Compared with the 
case where a surface wave propagates in free space where no 
Surface-wave transmission line is disposed, the propagation 
loss can be reduced since the Surface-wave transmission line 
is interposed between the EFC antennas of the transmitter and 
the receiver. In the case of contactless transmission, it is no 
longer necessarily for the user to directly attach the coupling 
electrodes of the transmitter and the receiver to each other. 
The Surface-wave transmission line may include, for 

example, a dielectric with a dielectric constant 6 greater than 
a dielectric constant 6 of air. In Such a case, a Surface wave 
in the dielectric propagates parallel to the interface and is 
totally reflected at the interface. In the case where a surface 
wave is incident on the interior of the dielectric at an appro 
priate angle, the Surface wave propagates efficiently without 
any loss while being repeatedly reflected at the interface 
between the inside and the outside of the dielectric. 

The Surface-wave transmission line may include a dielec 
tric whose dielectric constant becomes greater toward an 
inner part thereof. For example, the surface of a dielectric 
with a higher dielectric constant may be covered with another 
dielectric layer with a lower dielectric constant. In this case, 
the amount of a surface wave which propagates in the surface 
wave transmission line and emanates to the outside as a trans 
mitted wave can be suppressed, and a signal can be transmit 
ted more efficiently. For example, the surface-wave 
transmission line may be embedded in a rack including 
another dielectric with a lower dielectric constant. 

Alternatively, the Surface-wave transmission line may 
include a magnetic body with a magnetic permeability LL 
greater than a magnetic permeability of air. In this case, a 
surface wave in the magnetic body travels parallel to the 
interface and is totally reflected at the interface. Therefore, in 
the case where a surface wave is incident on the interior of the 
magnetic body at an appropriate angle, the Surface wave 
propagates efficiently without any loss while being repeat 
edly reflected at the interface between the inside and the 
outside of the magnetic body. 
The Surface-wave transmission line may include a mag 

netic body whose magnetic permeability becomes greater 
toward an inner part thereof. For example, the surface of a 
magnetic body with a higher magnetic permeability may be 
covered with another magnetic layer with a lower magnetic 
permeability. Accordingly, the amount of a surface wave 
which propagates in the Surface-wave transmission line and 
emanates to the outside as a transmitted wave can be Sup 
pressed, and a signal can be transmitted more efficiently. For 
example, the Surface-wave transmission line may be embed 
ded in a rack including another magnetic body with a lower 
magnetic permeability. 
The Surface-wave transmission line may include a plurality 

of separate dielectrics or magnetic bodies, instead of one 
dielectric or magnetic body. That is, the Surface-wave trans 
mission line can be electrically separated into portions, and 
the separate portions can be used without touching each other. 
Therefore, the communication system can be applied to con 
tactless communication in which devices or a device and a 
member do not have a physical contact with each other. In this 
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6 
case, the separate dielectric (or magnetic) portions are not 
necessarily in contact with each other; it is preferable that the 
gap between the separate dielectric (or magnetic) portions be 
as Small as possible in order to reduce loss, and that the 
separate portions be placed Such that signal transmission 
faces thereof can face each other. 

According to the layout inside casings where the transmis 
sion/reception circuit units and the coupling electrodes are 
mounted on respective main circuit boards in communication 
devices, in the case where nothing is placed in front of each 
electrode, which is housed deep inside a corresponding cas 
ing, a signal emitted from the electrode is dispersed in air in 
the casing and is lost. In contrast, in the case where a dielectric 
or a magnetic body serving as a Surface-wave transmission 
line is disposed in front of each coupling electrode, an elec 
tromagnetic-field signal emitted from the coupling electrode 
is guided by the Surface-wave transmission line to the Surface 
of the casing, whereby the signal can be transmitted effi 
ciently. 

In the transmitter, an RF-signal transmission line config 
ured to transmit an RF signal generated by the transmission 
circuit unit is connected to substantially the center of the 
electrode of the EFC antenna via a resonating section which 
resonates at a predetermined frequency. In the receiver, an 
RF-signal transmission line configured to transmit an RF 
signal to the reception circuit unit is connected to Substan 
tially the center of the electrode of the EFC antenna via a 
resonating section which resonates at a predetermined fre 
quency. 

Each of the resonating sections may include a lumped 
constant circuit. More specifically, each resonating section 
includes a parallel inductor connected between a signal line 
of the RF transmission line and ground and a series inductor 
connected between the signal line of the RF transmission line 
and the electrode. Alternatively, each resonating section may 
include a distributed-constant circuit. More specifically, a 
conductive pattern with a length dependent on the operating 
wavelength (which may also be referred to as a “'stub”) is 
formed on a printed circuit board on which the EFC antenna 
is mounted, thereby operating as a resonating section. 

According to the embodiments of the present invention, 
there is provided an excellent communication system that can 
perform data communication between information devices 
using an electrostatic field oran induced electric field without 
interfering with other communication systems. 

According to the embodiments of the present invention, 
there is provided an excellent communication system which 
can implement high-capacity data transmission of RF signals 
by employing a communication scheme using an electrostatic 
field or an induced electric field. 

According to the embodiments of the present invention, 
there is provided an excellent communication system which 
can make the arrangement between a transmitter and a 
receiver and the design of a communication apparatus flexible 
by expanding the distance between coupling electrodes of the 
transmitter and the receiver. 

In the communication system according to the embodi 
ment of the present invention, the Surface-wave propagation 
means transfers a surface wave emanating from the coupling 
electrode of the transmitter in an efficient manner with low 
propagation loss. When performing data communication, it is 
no longer necessarily for a user to directly attach the coupling 
electrodes of the transmitter and the receiver to each other, 
whereby data communication over a long distance can be 
performed using electric-field coupling. 

In the communication system according to the embodi 
ment of the present invention, it is no longer necessary to 
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finely align the electrodes for electric-field coupling such that 
the electrodes can be placed sufficiently close to each other. 
Further, it becomes unnecessary to place the electrodes as 
close to the outside of the casing of the communication appa 
ratus as possible. Therefore, the degree of freedom in design 
ing the layout of the casing is increased. 

In the communication system according to the embodi 
ment of the present invention, the coupling electrodes of the 
transmitter and the receiver can be out of contact with the 
Surface-wave transmission line provided by the Surface-wave 
propagation means, or the Surface-wave transmission line can 
be separated into portions and the separate portions can be 
used without touching each other. The communication sys 
tem can thus be applied to contactless communication in 
which devices or a device and a member do not have a physi 
cal contact with each other. 

In the communication apparatus according to the embodi 
ment of the present invention, a Surface wave emanating from 
the coupling electrode can be guided by the Surface-wave 
transmission line to an easy-to-use position. It thus becomes 
unnecessary to place the coupling electrode near the exterior 
of the casing of the communication apparatus. Therefore, the 
degree of freedom in mounting components and in designing 
the layout of the casing is increased. 

Further features and advantages of the present invention 
will become apparent from the following description of 
exemplary embodiments with reference to the attached draw 
1ngS. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the propagation of a surface wave in a 
dielectric Surface-wave transmission line; 

FIG. 2 illustrates the propagation of a surface wave in a 
magnetic Surface-wave transmission line; 

FIG. 3 is a diagram of an exemplary configuration of a 
communication system according to an embodiment of the 
present invention; 

FIG. 4 is a diagram of an exemplary structure of Surface 
wave emitting portion of a transmitter 10; 

FIG. 5 is a diagram of an exemplary structure of a capaci 
tance-loaded antenna; 

FIG. 6 is a diagram of another exemplary structure of the 
surface-wave emitting portion of the transmitter 10; 

FIG. 7 is a diagram of an exemplary Surface-wave trans 
mission line formed as a plate; 

FIG. 8 is a diagram of an exemplary Surface-wave trans 
mission line formed as a strip; 

FIG. 9 is a diagram of an exemplary surface-wave trans 
mission line formed as a line; 

FIG. 10 is a diagram of an exemplary Surface-wave trans 
mission line having a pyramid shape; 

FIG.11 is a diagram of an exemplary structure in which the 
Surface of a dielectric Surface-wave transmission line with a 
higher dielectric constant is covered with another dielectric 
layer with a lower dielectric constant; 

FIG. 12 is a diagram of an exemplary Surface-wave trans 
mission line whose dielectric constant changes continuously 
with a distance r from the center; 

FIG. 13 is a diagram of a dielectric surface-wave transmis 
sion line with a higher dielectric constant, which is embedded 
in another dielectric with a lower dielectric constant; 

FIG. 14 is a diagram of a Surface-wave transmission line 
including, instead of one dielectric (or magnetic body), a 
plurality of separate dielectrics (or magnetic bodies); 
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8 
FIG. 15 is a diagram of an exemplary structure of a con 

tactless communication device using a Surface-wave trans 
mission line; 

FIG. 16 illustrates an electric field component (longitudi 
nal wave component) E causing vibration parallel to the 
direction of propagation; 

FIG. 17A is a graph of the relationship between the length 
of a Surface-wave transmission line and a propagation loss in 
the case where a polyphenylene sulfide (PPS) resin serving as 
a dielectric, a nickel-Zinc (NiZn) ferrite serving as a magnetic 
body, or a magnet is used as the Surface-wave transmission 
line; 
FIG.17B illustrates materials used in a surface-wave trans 

mission line; 
FIG. 17C illustrates a propagation loss; 
FIG. 18A illustrates the flow of current in an electrode of an 

EFC antenna in the case where an RF transmission line is 
connected to the center of the electrode: 

FIG. 18B illustrates the uneven flow of current in an elec 
trode of an EFC antenna and the radiation of unnecessary 
radio waves in the case where an RF transmission line is 
connected to a position offset from the center of the electrode: 

FIG. 19 is a diagram of an exemplary configuration of a 
contactless communication system using an electrostatic 
field or an induced electric field; 

FIG. 20 is a diagram of an exemplary structure of an EFC 
antenna placed in each of the transmitter 10 and a receiver 20; 

FIG. 21 is a diagram of the arrangement of EFC antennas 
shown in FIG. 20 facing each other, the entirety of which 
functions as a band-pass filter; 

FIG. 22 is an equivalent circuit diagram of a band-pass 
filter including a pair of EFC antennas; 

FIG. 23 is an equivalent circuit of the case where the single 
EFC antenna illustrated in FIG. 20 functions as an impedance 
conversion circuit; 

FIG. 24 is a graph of the measurement results of propaga 
tion losses obtained by changing the distance between anten 
nas, EFC antennas (with parallel inductors), and EFC anten 
nas (without parallel inductors) which are placed facing each 
other; 

FIG. 25 illustrates an exemplary structure of the actual 
EFC antenna illustrated in FIG. 20; 

FIG. 26 illustrates the mapping of an electromagnetic field 
induced by an infinitesimal dipole on a coupling electrode; 

FIG. 27 illustrates the transmission of an RF signal in the 
case where a dielectric Surface-wave transmission line is 
interposed between two EFC antennas 1 and 2, which face 
each other; 

FIG. 28A illustrates a change in the distribution of electric 
fields in the ZX plane for a half cycle at intervals of one-twelfth 
of a cycle in the case where an RF signal is transmitted 
through the intermediary of the Surface-wave transmission 
line as in the structure illustrated in FIG. 27: 

FIG. 28B illustrates a change in the distribution of electric 
fields in the ZX plane for a half cycle at intervals of one-twelfth 
of a cycle in the case where an RF signal is transmitted 
through the intermediary of the Surface-wave transmission 
line as in the structure illustrated in FIG. 27: 

FIG. 28C illustrates a change in the distribution of electric 
fields in the ZX plane for a half cycle at intervals of one-twelfth 
of a cycle in the case where an RF signal is transmitted 
through the intermediary of the Surface-wave transmission 
line as in the structure illustrated in FIG. 27: 

FIG. 28D illustrates a change in the distribution of electric 
fields in the ZX plane for a half cycle at intervals of one-twelfth 
of a cycle in the case where an RF signal is transmitted 
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through the intermediary of the Surface-wave transmission 
line as in the structure illustrated in FIG. 27: 

FIG. 28E illustrates a change in the distribution of electric 
fields in the ZX plane for a half cycle at intervals of one-twelfth 
of a cycle in the case where an RF signal is transmitted 
through the intermediary of the Surface-wave transmission 
line as in the structure illustrated in FIG. 27: 

FIG. 28F illustrates a change in the distribution of electric 
fields in the ZX plane for a half cycle at intervals of one-twelfth 
of a cycle in the case where an RF signal is transmitted 
through the intermediary of the Surface-wave transmission 
line as in the structure illustrated in FIG. 27: 

FIG. 29A illustrates a change in the distribution of mag 
netic fields in the xy plane for a half cycle at intervals of 
one-twelfth of a cycle in the case where an RF signal is 
transmitted through the intermediary of the surface-wave 
transmission line as in the structure illustrated in FIG. 27: 

FIG. 29B illustrates a change in the distribution of mag 
netic fields in the xy plane for a half cycle at intervals of 
one-twelfth of a cycle in the case where an RF signal is 
transmitted through the intermediary of the surface-wave 
transmission line as in the structure illustrated in FIG. 27: 

FIG. 29C illustrates a change in the distribution of mag 
netic fields in the xy plane for a half cycle at intervals of 
one-twelfth of a cycle in the case where an RF signal is 
transmitted through the intermediary of the surface-wave 
transmission line as in the structure illustrated in FIG. 27: 

FIG. 29D illustrates a change in the distribution of mag 
netic fields in the xy plane for a half cycle at intervals of 
one-twelfth of a cycle in the case where an RF signal is 
transmitted through the intermediary of the surface-wave 
transmission line as in the structure illustrated in FIG. 27: 

FIG. 29E illustrates a change in the distribution of mag 
netic fields in the xy plane for a half cycle at intervals of 
one-twelfth of a cycle in the case where an RF signal is 
transmitted through the intermediary of the surface-wave 
transmission line as in the structure illustrated in FIG. 27: 

FIG. 29F illustrates a change in the distribution of mag 
netic fields in the xy plane for a half cycle at intervals of 
one-twelfth of a cycle in the case where an RF signal is 
transmitted through the intermediary of the surface-wave 
transmission line as in the structure illustrated in FIG. 27: 

FIG.30 illustrates the distribution of electric fields and the 
distribution of magnetic fields generated around a dielectric 
Surface-wave transmission line; 
FIG.31A is a diagram of the propagation of a longitudinal 

wave electric field E. generated on the surface of a coupling 
electrode of an EFC antenna as a surface wave at an end of a 
dielectric Surface-wave transmission line; 

FIG.31B is a diagram of the propagation of a longitudinal 
wave electric field E. generated on the Surface of a coupling 
electrode of an EFC antenna as a surface wave at an end of a 
dielectric Surface-wave transmission line; 

FIG. 32 is a graph of the result of obtaining a propagation 
loss S in the case where, in the structure illustrated in FIG. 
27, the size of a coupling electrode of a transmitter and the 
size of a coupling electrode of a receiver are changed, the 
result being obtained by a simulation using a finite element 
method; 

FIG.33 is a graph of the result of obtaining the propagation 
loss S in the case where, in the structure illustrated in FIG. 
27, the thickness of the surface-wave transmission line is 
changed, the result being obtained by a simulation using a 
finite element method; 

FIG.34 is a graph of the result of obtaining the propagation 
loss S in the case where, in the structure illustrated in FIG. 
27, the relative dielectric constant and the relative magnetic 
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10 
permeability of the Surface-wave transmission line are 
changed, the result being obtained by a simulation using a 
finite element method; 

FIG. 35 is a diagram of an exemplary structure of the case 
where the communication system illustrated in FIG. 3 is 
applied to electric power transfer; and 

FIG. 36 is a diagram of another exemplary structure of the 
case where the communication system illustrated in FIG. 3 is 
applied to electric power transfer. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Preferred embodiments of the present invention will now 
herein be described in detail below with reference to the 
drawings. 
The present invention relates to a communication system 

for performing data transmission between information 
devices using an electrostatic field oran induced electric field. 
According to a communication scheme based on an electro 
static field or an induced electric field, no radio waves are 
emitted in the absence of communication partners nearby 
since no coupling relationship occurs, and hence other com 
munication systems are not disturbed. Even in the case where 
radio waves arrive from far away, an EFC antenna receives no 
radio waves, and hence the communication system is not 
interfered with by other communication systems. 

In known radio communication using antennas, the 
strength of a radiated electric field is inversely proportional to 
the distance. In contrast, the strength of an induced electric 
field is attenuated in inverse proportion to the square of the 
distance, and the strength of an electrostatic field is attenuated 
in inverse proportion to the cube of the distance. According to 
a communication scheme based on the electric-field cou 
pling, very weak radio waves merely causing noise for other 
wireless systems existing in the neighborhood can be emitted, 
and hence the licensing of a radio station becomes unneces 
Sary. 

Although an electrostatic field changing with time may be 
referred to as a “quasi-electrostatic field, this is also included 
in an “electrostatic field in this specification. 

Since known communication employing an electrostatic 
field oran induced electric field uses lower-frequency signals, 
the known communication is unsuitable for transferring a 
large amount of data. In contrast, a communication system 
according to an embodiment of the present invention transfers 
higher-frequency signals using the electric-field coupling, 
and hence the communication system can transfer a large 
amount of data. More specifically, as in ultra-wideband 
(UWB) communication, communication scheme using high 
frequencies over a wideband is applied to the electric-field 
coupling, thereby implementing high-capacity data commu 
nication using very weak radio waves. 
The UWB communication uses a very wide frequency 

band from 3.1 GHz to 10.6 GHz and implements, though over 
a short distance, wireless transmission of a large amount of 
data at a rate of approximately 100 Mbps. The UWB com 
munication is a communication technology originally devel 
oped as a radio communication scheme using antennas. For 
example, in IEEE 802.15.3 or the like, the scheme of trans 
mitting data having a packet structure including a preamble is 
designed as an access control scheme in the UWB commu 
nication. Intel Corporation in the United States is studying, as 
a UWB application, a wireless version of USB, which has 
been widely used as a general interface for PCs. 
UWB transmission systems using a UWB low-band from 

3.1 GHz to 4.9 GHz, have been actively developed taking into 



US 8,238,824 B2 
11 

consideration that the UWB communication can transfer data 
at a rate exceeding 100 Mbps without occupying a transmis 
sion band from 3.1 GHz to 10.6 GHz, and the simplicity of 
fabricating an RF circuit. The inventor of the present inven 
tion believes that a data transmission system employing a 
UWB low-band is one of effective wireless communication 
techniques to be applied to mobile devices. For example, 
high-speed data transmission in a short-distance area, Such as 
an ultra-high-speed, short-distance device area network 
(DAN) including a storage device, can be implemented. 
The inventor of the present invention believes that, accord 

ing to a UWB communication system employing an electro 
static field or an induced electric field, data communication 
using a very weak electric field can be implemented. The 
inventor also believes that, according to such a UWB com 
munication system, a large amount of data, such as a moving 
image or music data contained in one compact disc (CD), can 
be transferred at high speed in a short period of time. 

FIG. 19 shows an exemplary configuration of a contactless 
communication system using an electrostatic field or an 
induced electric field. The communication system illustrated 
in the drawing includes a transmitter 10 configured to perform 
data transmission and a receiver 20 configured to perform 
data reception. 
A transmission electrode 13 of the transmitter 10 and a 

reception electrode 23 of the receiver 20 are arranged facing 
each other with a gap of for example, 3 cm, and hence can 
produce electric-field coupling. In response to a transmission 
request issued from an upper application, a transmission cir 
cuit unit 11 of the transmitter 10 generates an RF transmission 
signal. Such as a UWB signal, on the basis of transmission 
data, and the signal propagates from the transmission elec 
trode 13 to the reception electrode 23. A reception circuit unit 
21 of the receiver 20 demodulates and decodes the RF signal 
received to reproduce data and transfers the reproduced data 
to the upper application. 

According to a communication scheme using high fre 
quencies over a wideband as in the UWB communication, 
ultra-high speed data transmission at a rate of approximately 
100 Mbps can be implemented over a short distance. In the 
case where the UWB communication is performed using 
electric-field coupling instead of performing radio commu 
nication, the strength of the electric field is in inverse propor 
tion to the cube or the square of the distance. By controlling 
the strength of the electric field (strength of radio waves) over 
a distance of 3 m from a wireless facility to be less than or 
equal to a predetermined level, Very weak radio waves can be 
emitted, and hence the licensing of a radio station becomes 
unnecessary. Therefore, an inexpensive communication sys 
tem can be implemented. In the case of very-short-distance 
data communication using an electric-field coupling scheme, 
the quality of a signal is not deteriorated due to a neighboring 
reflector. Further, it is also unnecessary to take into consider 
ation prevention of hacking on a transmission line and secur 
ing of confidentiality. 

In contrast, the propagation loss increases with the propa 
gation distance relative to the wavelength. In order to allow an 
RF signal to propagate using electric-field coupling, the 
propagation loss is necessary to be reduced to a sufficiently 
Small value. In the communication scheme of transmitting an 
RF wideband signal, such as a UWB signal, using electric 
field coupling, communication over a very short distance of 
approximately 3 cm corresponds to approximately one-half 
the wavelength of an operating frequency of 4 GHz. Thus, 
such a very short distance should not be neglected. Particu 
larly, the characteristic impedance causes a more serious 
problem in a higher-frequency circuit than in a lower-fre 
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12 
quency circuit. An impedance mismatch at a coupling point 
between electrodes of a transmitter and a receiver has a more 
striking effect in a higher-frequency circuit. 
Known contactless communication using frequencies of 

kHz or MHZ has a small propagation loss in space. Thus, in 
the case where a transmitter and a receiver each have an EFC 
antenna including only an electrode and a coupling portion 
simply operates as a plane parallel capacitor, desired data 
transmission can be performed. In contrast, contactless com 
munication using higher frequencies of GHZ has a large 
propagation loss in space. It is thus necessary to suppress 
signal reflection in coupling electrodes of a transmitter and a 
receiver and to improve transmission efficiency. In the com 
munication system illustrated in FIG. 19, even in the case 
where an RF-signal transmission line connecting the trans 
mission circuit unit 11 to the transmission electrode 13 is a 
coaxial line with a matched impedance of, for example, 5092, 
in the case of an impedance mismatch in a coupling portion 
between the transmission electrode 13 at the transmitting side 
and the reception electrode 23 at the receiving side, a signal is 
reflected to incur propagation loss. 
EFC antennas provided in the transmitter 10 and in the 

receiver 20 include, as illustrated in FIG. 20, the coupling 
electrodes 13 and 23 in a plate shape, parallel inductors 12A 
and 22A, and series inductors 12B and 22B, which are con 
nected to the RF-signal transmission line. In the case where 
the above-mentioned EFC antennas are arranged facing each 
other, as illustrated in FIG. 21, the two electrodes operate as 
a capacitor, and the EFC antennas as a whole operate as a 
band-pass filter. Therefore, an RF signal can be transmitted 
efficiently between the two EFC antennas. The RF-signal 
transmission line mentioned here corresponds to a coaxial 
cable, a microStrip line, a coplanar line, or the like. 

In the contactless communication system illustrated in 
FIG. 19, the necessary conditions for the EFC antennas to 
transmit an RF signal. Such as a UWB signal, using electric 
field coupling are as follows: 
(1) the presence of electrodes for establishing electric-field 
coupling: 
(2) the presence of parallel inductors for establishing stronger 
electric-field coupling; and 
(3) the setting of the constants of the inductors and the con 
stant of a capacitor including the electrodes such that the 
impedance matching can be achieved in a frequency band 
used for communication in the case where the EFC antennas 
are placed facing each other. 
The passband frequency f. ofa band-pass filter including a 

pair of EFC antennas having electrodes facing each other, as 
illustrated in FIG. 21, can be determined on the basis of the 
inductances of the series inductors and the parallel inductors 
and the capacitance of the capacitor including the electrodes. 
FIG. 22 is an equivalent circuit diagram of a band-pass filter 
including a pair of EFC antennas. Given the characteristic 
impedance RS2, the center frequency f. HZ, and the phase 
difference C. radian (t-C-2 t) between an input signal and 
a pass signal, and the capacitance C/2 of the capacitor includ 
ing the electrodes, the constants of the parallel inductance L. 
and the series inductance L2 included in the band-pass filter 
can be calculated in accordance with the operating frequency 
fusing the following equations: 

R(1 + cosa) 
27tfosina 

(1) 
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-continued 
1 + it foCRsina 

In the case where a single EFC antenna functions as an 
impedance conversion circuit, an equivalent circuit thereof is 
illustrated in FIG.23. In the circuit diagram illustrated in FIG. 
23, the parallel inductance L and the series inductance L are 
selected inaccordance with the operating frequency f. So as to 
satisfy the following equations and expression, thereby 
implementing an impedance conversion circuit configured to 
convert the characteristic impedance from R to R: 

L = - R2 H (2) 
2f, W R - R. 

= - ?t-2nf VR (R-R). = (-25. VR, R-R)) in 
R1 is R2 

FIG. 24 is a graph of the measurement results of propaga 
tion losses obtained by changing the distance between anten 
nas, EFC antennas (with parallel inductors), and EFC anten 
nas (without parallel inductors) which are placed facing each 
other. 

In the case of the EFC antennas (with parallel inductors), 
the EFC antennas are strongly coupled to each other up to a 
short distance of approximately 1 cm, and the propagation 
loss is small. However, the signal is rapidly attenuated as the 
distance increases, resulting in characteristics that do not 
interfere with the Surrounding neighborhood. In contrast, in 
the case of antennas, the propagation loss does not become as 
large as that in the case of the EFC antennas (with parallel 
inductors) even when the distance increases, and a signal 
disturbing other wireless systems may possibly be generated. 
In the case of the EFC antennas without parallel inductors, the 
propagation efficiency is low, and the propagation loss is large 
even in the case where a communication partner is nearby. 
The coupling electrodes of the EFC antennas are connected 

to the RF transmission line, such as a coaxial cable, a micros 
trip line, or a coplanar line. The “EFC antennas' mentioned in 
this specification solve problems inherent in RF circuits. 
AS has been described above, in the contactless communi 

cation system illustrated in FIG. 19, communication devices 
that perform the UWB communication use the EFC antennas 
illustrated in FIG. 20 instead of antennas used in wireless 
communication devices employing a known radio communi 
cation scheme. Therefore, very-short-distance data transmis 
sion with features that have not been achieved before can be 
implemented. 
Assume that a resonating section 12 (oran RF transmission 

line) including a series inductor or the like is connected to the 
center of the transmission electrode 13. By connecting the RF 
transmission line to the center of the electrode 13, current 
flows evenly in the electrode 13, thereby preventing unnec 
essary radio waves from emanating in front of the electrode 
13 in a substantially perpendicular direction relative to the 
electrode surface (see FIG. 18A). In contrast, by connecting 
the resonating section 12 to a position offset from the center 
of the electrode 13, current flows unevenly in the electrode 13, 
and the electrode 13 operates as a microstrip antenna and 
emits unnecessary radio waves (see FIG. 18B). 

FIG. 25 shows an exemplary structure of the actual EFC 
antenna illustrated in FIG. 20. In the example shown in FIG. 
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25, the EFC antenna of the transmitter 10 is illustrated. How 
ever, the receiver 20 includes a similar EFC antenna. Refer 
ring to FIG. 25, the electrode 13 is disposed on the upper 
surface of a cylindrical dielectric 15 and is electrically con 
nected to a signal line on a printed circuit board 17 via a 
through hole 16 penetrating through the dielectric 15. The 
EFC antenna illustrated can be fabricated by, for example, 
forming a through hole in a cylindrical dielectric of a prede 
termined height, forming a conductive pattern serving as a 
coupling electrode on the upper end face of the cylinder, 
filling the through hole with conductor, and mounting the 
dielectric on a printed circuit board by reflow soldering or the 
like. 
The height from a circuit mounting Surface of the printed 

circuit board 17 to the electrode 13, that is, the length of the 
through hole 16, is adjusted appropriately in accordance with 
the operating wavelength to allow the through hole 16 to have 
an inductance, which can therefore replace the series inductor 
12B. The signal line is connected to ground 18 via the parallel 
inductor 12A having a chip shape. Although not shown in the 
drawing, the parallel inductance may be substituted for by a 
wiring pattern on the printed circuitboard, instead of a chip. 
This type of inductance includes a distributed-constant circuit 
and may also be referred to as a “'stub in the following 
description. 
The dielectric 15 and the through hole 16 play the role of 

avoiding the coupling between the electrode 13 and the 
ground 18 and the role of forming the series inductor 12B. 
Having a Sufficient height from the circuit mounting Surface 
of the printed circuit board 17 to the electrode 13 to obtain an 
inductance equivalent to the series inductor 12B, the electric 
field coupling between the ground 18 and the electrode 13 is 
avoided, and the function as the EFC antenna (that is, the 
electric-field coupling to the EFC antenna at the receiverside) 
is ensured. Note that, when the height of the dielectric 15 is 
large, that is, the distance from the circuit mounting Surface of 
the printed circuit board 17 to the electrode 13 is so long 
relative to the operating wavelength that the distance is diffi 
cult to be ignored, the series inductor 12B, i.e., the resonating 
section 12, operates as an antenna and adversely emits radio 
waves. In this case, the attenuation of radio waves emitted by 
the resonating section 12 of the EFC antenna behaving as an 
antenna relative to the distance is Smaller than that of an 
electrostatic field or an induced electric field. It is thus diffi 
cult to suppress these radio waves to very weak radio waves 
where the strength of an electric field at a distance of 3 m from 
a wireless facility is less than or equal to a predetermined 
level. Therefore, the height of the dielectric 15 is determined 
on the basis of the following conditions: the coupling to the 
ground 18 is avoided while the characteristics as the EFC 
antenna are fully achieved; the series inductor 12B necessary 
for operating as a resonant circuit is formed; and the size of 
the resonating section including the series inductor 12B is 
Such that the operation as an antenna is not so strong. 

In general, metal hinders efficient radiation of radio waves 
emitted from an antenna. For this reason, it is not allowed to 
place metal Such as ground near a radiant element of an 
antenna. In contrast, in the communication system according 
to the embodiment, the characteristics of the EFC antenna are 
not deteriorated even in the case where metal is placed facing 
the backside of the electrode 13. The EFC antenna can be 
made more compact than a known antenna by appropriately 
selecting the constants of the series inductor 12B and the 
parallel inductor 12A. Unlike an antenna, an electrostatic 
field has no polarization. A predetermined level of commu 
nication quality can thus be achieved even with a different 
orientation. 
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In the field of radio communication, “capacitance-loaded’ 
antennas in which metal is attached to the tip of an antenna 
element, as illustrated in FIG. 5, thereby inducing a capaci 
tance and reducing the height of the antenna, are widely 
known. At a glance, this type of antenna has a structure 
similar to that of the EFC antenna illustrated in FIG. 20. A 
description will be given of the differences between an EFC 
antenna used in a transmitter/receiver of the embodiment and 
a capacitance-loaded antenna. 
A capacitance-loaded antenna illustrated in FIG. 5 emits 

radio waves in directions B and B around a radiant element 
of the antenna. However, the antenna emits no radio waves in 
direction A, which serves as a null point. Electric fields gen 
erated around the antenna are examined in detail. Specifically, 
a radiated electric field attenuated in inverse proportion to the 
distance from the antenna, an induced electric field attenuated 
in inverse proportion to the square of the distance from the 
antenna, and an electrostatic field attenuated in inverse pro 
portion to the cube of the distance from the antenna are 
generated. Because the induced electric field and the electro 
static field are attenuated relative to the distance more rapidly 
than the radiated electric field, only the radiated electric field 
is discussed in general wireless systems, and the induced 
electric field and the electrostatic field are often neglected. 
Even in the case of the capacitance-loaded antenna illustrated 
in FIG. 5, an induced electric field and an electrostatic field 
are generated in direction A but are rapidly attenuated in air. 
Therefore, such an induced electric field and an electrostatic 
field are not actively employed in radio communication. 
An electromagnetic field generated by a coupling electrode 

of a transmitter will be examined. FIG. 16 illustrates an elec 
tromagnetic field induced by an infinitesimal dipole. FIG. 26 
illustrates the mapping of this electromagnetic field on the 
coupling electrode. As shown in the diagrams, the electro 
magnetic field is largely classified into an electric field com 
ponent (transverse wave component) Ee causing vibration in 
a direction perpendicular to the direction of propagation and 
an electric field component (longitudinal wave component) 
E causing vibration parallel to the direction of propagation. 
A magnetic field His also generated around the infinitesimal 
dipole. The following equations represent an electromagnetic 
field induced by an infinitesimal dipole. Any current distri 
bution can be regarded as a continuous assembly of Such 
infinitesimal dipoles. Therefore, electromagnetic fields 
induced by these infinitesimal dipoles have similar character 
istics (for example, see Yasuto Mushiake, 'Antenna Denpa 
Denpan (Antenna/Radio-Wave Propagation)”, published by 
Corona Publishing Co., Ltd., 1985, pp. 16-18). 

pejk R( 1 ik k? (3) 
E = 4 - 3 + 2 - sin 

-ikR pe i? 1 ik ER = (i. + koso 
H for " 1 f) a = - 4 - + sin 

As is clear from the above equations, the electric-field 
transverse wave component includes a component in inverse 
proportion to the distance (radiated electric field), a compo 
nent in inverse proportion to the square of the distance (in 
duced electric field), and a component in inverse proportion to 
the cube of the distance (electrostatic field). The electric-field 
longitudinal wave component includes a component in 
inverse proportion to the square of the distance (induced 
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electric field) and a component in inverse proportion to the 
cube of the distance (electrostatic field), but does not include 
a component of the radiated electromagnetic field. The elec 
tric field E reaches its maximum in directions where cos 
0|=1, that is, in directions indicated by arrows in FIG. 16. 

In radio communicationwidely employed in wireless com 
munication, a radio wave emitted from an antenna is a trans 
verse wave E causing vibration in a direction perpendicular 
to its direction of travel. A radio wave perpendicular to the 
direction of polarization is not communicated. In contrast, an 
electromagnetic wave emanating from a coupling electrode 
by employing a communication scheme using an electrostatic 
field oran induced electric field includes, besides a transverse 
wave E, a longitudinal wave E causing vibration along its 
direction of travel. The longitudinal wave E is also referred 
to as a “surface wave'. A Surface wave can also propagate 
through the interior of a medium, Such as a conductor, a 
dielectric, or a magnetic body (which will be described later). 

In a contactless communication system, a signal can be 
transmitted through the intermediary of any of a radiated 
electric field, an electrostatic field, and an induced electric 
field. However, a radiated electric field, which is inversely 
proportional to the distance, may interfere with other systems 
located relatively far away. It is thus preferable to suppress the 
radiated electric field component, that is, to perform contact 
less communication using the longitudinal wave E contain 
ing no radiated electric field component while Suppressing 
the transverse wave E containing the radiated electric field 
component. 
From the above-mentioned viewpoint, the EFC antennas 

according to the embodiment are devised in the following 
manner. That is, the above-mentioned three equations repre 
senting the electromagnetic field show that, in the case where 
0–0 holds true, E-0 holds true, and the E component 
reaches its maximum. More specifically, Eo reaches its maxi 
mum when it is perpendicular to the direction of current flow, 
and E reaches its maximum when it is parallel to the direc 
tion of current flow. In order to maximize E in front of the 
electrode, which is perpendicular to the electrode surface, it is 
preferable to increase current components perpendicular to 
the electrode. In contrast, in the case where the feeding point 
is offset from the center of the electrode, current components 
parallel to the electrode increase due to this offset. In accor 
dance with the current components, the Eo component in front 
of the electrode increases. Therefore, each of the EFC anten 
nas according to the embodiment provides the feeding point 
substantially at the center of the electrode (described above), 
as illustrated in FIG. 18A, such that the E component can be 
maximized. 

In known antennas, besides a radiated electric field, an 
electrostatic field and an induced electric field are also gen 
erated. The electric-field coupling occurs in the case where a 
transmission antenna and a reception antenna are placed near 
each other. However, since most of the energy is emitted as a 
radiated electric field, such known antennas are insufficient to 
perform contactless communication. In contrast, the EFC 
antennas illustrated in FIG. 20 include the coupling elec 
trodes and the resonating sections in order to improve the 
transmission efficiency by generating a stronger electric field 
E at a predetermined frequency. 

In the case where the EFC antenna of the transmitter illus 
trated in FIG. 20 is used alone, a longitudinal-wave electric 
field component E is generated on the Surface of the coupling 
electrode. Since a transverse-wave component E containing 
a radiated electric field is Smaller than E, only negligible 
radio waves are emitted. That is, waves interfering with other 
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neighboring systems are not generated. Most of the signals 
input to the EFC antenna are reflected from the electrode back 
to an input end. 

In contrast, in the case where a pair of EFC antennas is 
used, that is, in the case where EFC antennas of a transmitter 
and a receiver are placed at a short distance, coupling elec 
trodes are coupled to each other mainly by a quasi-electro 
static field component and operate as a capacitor. As a result, 
the EFC antennas as a whole operate as a band-pass filter, thus 
achieving impedance matching. At passband frequencies, 
signals and power are largely transmitted to a communication 
partner and are negligibly reflected back to the input end. The 
“short distance mentioned here is defined by wavelength w. 
that is, corresponds to the distance between the coupling 
electrodes d being dk/27t. For example, in the case where 
the operating frequency f. is 4 GHz, the “short distance” 
between the electrodes is a distance of 10 mm or less. 

In the case where the EFC antennas of the transmitter and 
the receiver are placed at a medium distance, an electrostatic 
field is attenuated and a longitudinal-wave electric field E. 
mainly containing an induced electric field is generated in the 
vicinity of the coupling electrode of the transmitter. The lon 
gitudinal-wave electric field E is received by the coupling 
electrode of the receiver, whereby a signal is transmitted. 
Note that, compared with the case where the EFC antennas 
are placed at a short distance, it is more likely that a signal 
input to the EFC antenna of the transmitter will be reflected 
from the electrode back to the input end. The “medium dis 
tance' mentioned here is defined by the wavelength, that is, 
corresponds to the distance between the coupling electrodes d 
being approximately one to a few times W2L. In the case 
where the operating frequency f. is 4 GHz, the “medium 
distance' between the electrodes is a distance from 10 mm to 
40 mm. 

In a communication scheme using an electrostatic field or 
an induced electric field, the electric field strength is rapidly 
attenuated in inverse proportion to the cube or the square of 
the distance. Therefore, the communication range is limited 
to a very short distance. In the case where an RF signal is used 
as in the UWB communication or the like, a large propagation 
loss is incurred due to the short wavelength. It is therefore 
necessary to attach the electrodes (EFC antennas) of the 
transmitter and the receiver to each other as much as possible, 
meaning that communication over a long distance is difficult. 
In order to place the electrodes sufficiently close to each other, 
the electrodes are necessary to be aligned in a very fine 
manner. The positions of the electrodes are necessary to be 
maintained during data communication, which is inconve 
nient for a user. 

In contrast, the communication system according to the 
embodiment of the present invention includes a dielectric or 
magnetic Surface-wave transmission line disposed between 
the coupling electrode of the transmitter and the coupling 
electrode of the receiver, allowing a surface wave of an elec 
tromagnetic wave emanating from the coupling electrode of 
the transmitter to propagate efficiently in the interior and on 
the surface of the surface-wave transmission line. Even in the 
case where the coupling electrodes of the transmitter and the 
receiver are placed at a relatively long distance, a Surface 
wave emanating due to the electric-field coupling is transmit 
ted with a low propagation loss, thereby performing data 
communication. It thus becomes unnecessary to directly 
attach the coupling electrodes of the transmitter and the 
receiver to each other. 
Of transmission waves using electromagnetic fields, a 

wave whose phase velocity v is slower than the velocity of 
light c is referred to as a “slow wave', and a wave whose phase 
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velocity v is faster than the velocity of light c is referred to as 
a “fast wave'. A surface wave corresponds to the former slow 
wave. In the case of an infinitely long transmission line in a 
slow-wave structure, energy is transmitted through the trans 
mission line in an concentrated manner and is not emitted to 
the outside (for example, see Tasuku Teshirogi and Tsukasa 
Yoneyama, “Shin Miri-ha Gijutsu (New Millimeter Wave 
Technology), published by Ohmsha, Ltd., 1999, p. 119). The 
“surface wave' mentioned here corresponds to the longitudi 
nal wave E, which is a component causing vibration parallel 
to the direction of propagation, of the electric fields generated 
from the coupling electrodes (described above). 
The propagation mechanism of an electromagnetic wave 

along the Surface of a conductor, a dielectric, or a magnetic 
body is known as, for example, the “Goubau line' or “G line' 
(for example, see U.S. Pat. Nos. 2,685,068 and 2,921,277). 

For example, Japanese Unexamined Patent Application 
Publication No. 2003-115707 discloses a surface-wave trans 
mission line using a dielectric made of a thermoplastic poly 
meras a medium. Japanese Unexamined Patent Application 
Publication No. 7-175987 makes a proposal for a surface 
wave transmission line that can Suppress, to a certain degree, 
a distribution range of electromagnetic fields by twisting 
together dielectrics or dielectric fibers with a less RF loss in a 
predetermined cyclic configuration. The propagation mecha 
nism of an electromagnetic wave in a Surface-wave transmis 
sion line is described in detail in, for example, Masamitsu 
Nakajima, “Maikuro-ha Kougaku (Microwave Technology) 
'', published by Morikita Publishing Co., Ltd., 1995, pp. 
182-190. 

Electromagnetic Surface waves propagating in a ferrite rod 
which is magnetized in the axial direction have been exten 
sively researched. Three types of surface-wave modes are 
already known: “dynamic”, “surface' (surface mode), and 
“volume” (volume mode). The dynamic mode exists at fre 
quencies where the ferrite rod can be simply regarded as a 
dielectric, and a forward wave propagates in the dynamic 
mode. In contrast, the Surface mode and the Volume mode are 
modes where electric power is concentrated near the Surface 
or in the center of the ferrite rod, and a backward wave mainly 
propagates in these modes. Among these modes, the Surface 
mode is applied to a resonator, and the Volume mode is 
applied to a delay line and a Faraday rotator (see Toshimi 
Meiri, “Heikouna Nihonno Ferrite-bou wo Denpan-suru 
Hyoumen-ha no Kenkyu (Research on Surface waves propa 
gating in two parallel ferrite rods), Doctoral Dissertation, 
Mar. 28, 1981). 

FIG. 3 shows an exemplary configuration of a contactless 
communication system in which a surface-wave transmission 
line is interposed between RF coupling electrodes of a trans 
mitter and a receiver. The illustrated communication system 
includes the transmitter 10 configured to perform data trans 
mission, the receiver 20 configured to perform data reception, 
and a Surface-wave transmission line 30 configured to trans 
mita Surface wave emanating from the transmission electrode 
13 of the transmitter 10 with a low propagation loss. The 
surface-wave transmission line 30 is made of a dielectric or 
magnetic material and is disposed along the direction of travel 
of the Surface wave emanating from the transmission elec 
trode 13. 

In response to a transmission request issued from an upper 
application, the transmission circuit unit 11 of the transmitter 
10 generates an RF transmission signal, such as a UWB 
signal, on the basis of transmission data. The signal output 
from the transmission circuit unit 11 resonates at the resonat 
ing section 12, and the signal is emitted from the transmission 
electrode 13 as a surface wave in front of the electrode. 
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The surface wave emitted from the transmission electrode 
13 propagates efficiently through the intermediary of the sur 
face-wave transmission line 30, which is then input from the 
reception electrode 23 of the receiver 20 to the reception 
circuit unit 21 via a resonating section 22. The reception 
circuit unit 21 demodulates and decodes the RF signal 
received to reproduce data and transfers the reproduced data 
to the upper application. 

The surface wave emitted from the transmission electrode 
13 is incident on one end face of the surface-wave transmis 
sion line 30. The surface wave inside the surface-wave trans 
mission line 30 is repeatedly reflected every time the surface 
wave reaches the interface between the inside and the outside 
of the Surface-wave transmission line 30 and propagates to 
the reception side without loss (which will be described later). 
Through the intermediary of the Surface-wave transmission 
line 30, a signal can propagate efficiently from the transmis 
sion electrode 13 to the reception electrode 23. In order to 
increase the incident angle of a Surface wave emanating from 
the transmission electrode 13 and to reduce the amount of the 
Surface wave emitted to the outside as a transmitted wave, it is 
preferable to place the end face of the dielectric or magnetic 
surface-wave transmission line 30 in front of the transmission 
electrode 13 such that the end face can be substantially per 
pendicular to the electrode surface. 

FIG. 4 shows an exemplary structure of a surface-wave 
emitting portion (EFC antenna) of the transmitter 10. Note 
that the structure of a surface-wave receiving portion of the 
receiver 20 is similar to the structure illustrated in FIG. 4. 
As illustrated in FIG. 4, a line-conductor resonating section 

with a predetermined length and an electrode are connected to 
the tip of an RF signal line including a coaxial cable. The 
resonating section 12 and the transmission electrode 13 as a 
whole are designed to have one-fourth of the wavelength of a 
predetermined frequency, thereby causing resonation at the 
predetermined frequency and generating a Surface wave at 
that frequency. In general, the generated Surface wave is 
attenuated rapidly in air as the distance increases. By con 
necting the tip of the resonating section 12 to the center of the 
transmission electrode 13 and by disposing the dielectric or 
magnetic surface-wave transmission line 30 in front of the 
electrode 13 in a direction substantially perpendicular to the 
emitting side of the electrode 13, a surface wave emitted from 
the transmission electrode 13 can be captured by the dielec 
tric or magnetic surface-wave transmission line 30, thereby 
realizing a surface-wave transmitter (or an EFC antenna). 
The dielectric or magnetic Surface-wave transmission line 

30 is disposed, at a position substantially perpendicular to the 
electrode surface, in front of the transmission electrode 13 
having a strong induced electric field and a strong electro 
static field. In the case where an induced electromagnetic field 
and an electrostatic field generated near the electrode 13 are 
captured at one end face of the Surface-wave transmission line 
30, the captured electric fields propagate inside the transmis 
sion line 30 and are input to the reception electrode 23 of the 
receiver 20. That is, an electromagnetic field emitted from the 
electrode 13 of the transmitter 10 is transmitted as a surface 
wave in the surface-wave transmission line 30, thus imple 
menting data communication using a surface wave. 

FIG. 6 shows another exemplary structure of the surface 
wave emitting portion of the transmitter 10. Note that the 
structure of the surface-wave receiving portion of the receiver 
20 is similar to the structure illustrated in FIG. 6. 

In each of the Surface-wave emitting and receiving por 
tions, the resonating section 12 including a lumped-constant 
circuit having, instead of a line conductor, coils and a capaci 
tor is disposed. In the example illustrated in FIG. 6, the 
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resonating section 12 includes the parallel inductor 12A, 
which is connected between a signal line of an RF transmis 
sion line from the transmission circuit unit 11 and ground, and 
the series inductor 12B, which is connected between the 
signal line and the electrode 13. A strong electric field is 
generated in front of the electrode 13, whereby a surface wave 
can be efficiently generated. 

In the transmitter and the receiver, a pair of EFC antennas 
such as those illustrated in FIG. 6 is disposed facing each 
other with a Surface-wave transmission line interposed ther 
ebetween. Two electrodes operate as one capacitor, and the 
EFC antennas as a whole operate as a band-pass filter. The 
impedance in the coupling portion can be designed to be 
continuous by adjusting the constant of the series inductor 
12B, the constant of the parallel inductor 12A, and the con 
stant of the capacitor including the electrodes 13 and 23 
(described above). 
A Surface wave entering a dielectric Surface-wave trans 

mission line is repeatedly reflected every time the surface 
wave reaches the interface with the outside and travels in the 
direction of propagation (that is, toward the receiver side). 
FIG. 1 illustrates the propagation of a surface wave in a 
dielectric surface-wave transmission line. Note that the 
dielectric constant 6 of the dielectric is greater than the 
dielectric constant 6 of the air Surrounding the Surface-wave 
transmission line. 

In the case where an electromagnetic wave (Surface wave) 
is incident on the interface between two media having differ 
ent dielectric constants, refraction occurs as in the case of 
optics. In the case where the incident angle 0, becomes equal 
to the critical angle 0 expressed by the following equation, 
the refraction angle 0, becomes equal to it?2, and the wave 
transmitted through the dielectric travels parallel to the inter 
face. In the case where the incident angle 0, becomes greater 
than the critical angle 0, total reflection occurs at the inter 
face. Therefore, in the case where an electromagnetic wave 
enters the interior of a dielectric plate at an appropriate angle, 
the electromagnetic wave (Surface wave) efficiently propa 
gates without loss while being repeatedly reflected at the 
interface between the two different media. 

0=sin' Weye (4) 

FIG. 2 illustrates the propagation of a surface wave in a 
magnetic Surface-wave transmission line. Note that the mag 
netic permeability L of the magnetic body is greater than the 
magnetic permeability Lo of the air Surrounding the Surface 
wave transmission line. In the case where an electromagnetic 
wave (surface wave) is incident on the interface between two 
media having different magnetic permeabilities, refraction 
occurs as in the case of optics. That is, in the case where the 
incident angle 0, becomes equal to the critical angle 0. 
expressed by the following equation, the refraction angle 0, 
becomes equal to JL/2, and the transmitted wave travels par 
allel to the interface. In the case where the incident angle 0, 
becomes greater than the critical angle 0 total reflection 
occurs at the interface. Therefore, in the case where an elec 
tromagnetic wave enters the interior of a magnetic plate at an 
appropriate angle, the electromagnetic wave (Surface wave) 
efficiently propagates without loss while being repeatedly 
reflected at the interface between the two different media, as 
in the case illustrated in FIG. 1. 

0-sin' Wol (5) 

The inventor of the present invention performed a simula 
tion using a finite element method to obtain the distribution of 
electromagnetic fields generated around a dielectric (or mag 
netic) Surface-wave transmission line interposed between two 
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EFC antennas 1 and 2 facing each other to transmit an RF 
signal through the Surface-wave transmission line. The simu 
lation assumed that the Surface-wave transmission line was a 
dielectric with a relative dielectric constant of 10, a relative 
magnetic permeability of 10, an electric conductivity of 0 
Siemens/m, a cross-sectional area of 6 mmx6 mm, and a 
length of 49.6 mm. The distance between each of two end 
faces of the Surface-wave transmission line and a correspond 
ing coupling electrode was set to 50 mm, and the operating 
frequency was set to 4.5 GHz. Each EFC antenna included a 
coupling electrode whose area was 11 mmX11 mm and height 
was 3 mm, which was disposed on a ground board with an 
area of 20 mmx42 mm, a thickness of 0.8 mm, and a dielectric 
constant of 3.4. Each resonating section included a stub (de 
scribed above) with a length of 20 mm and a width of 3 mm. 
The longitudinal direction of the Surface-wave transmission 
line, that is, the direction in which a signal is transmitted, was 
regarded as the Z-axis, and a plane parallel to each coupling 
electrode was regarded as the Xy plane. 

FIGS. 28A to 28F each illustrate a change in the distribu 
tion of electric fields in the ZX plane for a half cycle at intervals 
of one-twelfth of a cycle in the case where an RF signal is 
transmitted through the intermediary of the surface-wave 
transmission line as in the structure illustrated in FIG. 27. It is 
clear from the diagrams that a surface wave with amplitude in 
a direction perpendicular to the surface of the dielectric sur 
face-wave transmission line propagates from the EFC 
antenna 1 to the EFC antenna 2. 

It is known that a change in an electric field over time 
induces a magnetic field. FIGS. 29A to 28F each illustrate a 
change in the distribution of magnetic fields in the xy plane 
for a half cycle at intervals of one-twelfth of a cycle in the case 
where an RF signal is transmitted through the intermediary of 
the Surface-wave transmission line as in the structure illus 
trated in FIG. 27. 
On the basis of FIGS. 28A to 29F, FIG. 30 schematically 

illustrates the distributions of electric fields and magnetic 
fields generated around the dielectric Surface-wave transmis 
sion line. It has already been mentioned that a surface wave 
propagating along a transmission line includes the Surface 
mode where energy is concentrated near the Surface of the 
transmission line and the Volume mode where energy is con 
centrated in the center of the transmission line. As is clear 
from FIG. 30, the energy of a surface wave propagating along 
the dielectric surface-wave transmission line is distributed 
near the central axis along which a longitudinal wave com 
ponent propagates (Volume mode) and near the Surface on 
which a transverse wave component propagates (Surface 
mode).That is, an electric field perpendicular to the surface of 
the dielectric is generated near the surface of the dielectric, 
and a longitudinal-wave electric field (including the above 
mentioned total reflection component) causing vibration Sub 
stantially parallel to the direction of travel is generated in the 
central portion inside the dielectric. Further, a magnetic field 
is generated so as to be wound around the central axis of the 
dielectric in accordance with changes in these two types of 
electric fields. Accordingly, a signal propagates. 

In this case, a Suitable magnetic field is generated, which 
interacts with an electric field in the case where the direction 
or strength of current or magnetism changes (in an alternating 
manner). Therefore, when an electric field exists, so does a 
magnetic field; when a magnetic field exists, so does an elec 
tric field. Accordingly, a Surface-wave signal is expected to 
propagate far away while changing its energy form back and 
forth between an electric field and a magnetic field. In con 
trast, a magnetic Surface-wave transmission line with a rela 
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tive magnetic permeability of 1 has difficulty in capturing a 
signal since only an electric field component is generated 
from the EFC antenna. 

FIGS. 31A and 31B illustrate the propagation of a longi 
tudinal-wave electric field E generated on the Surface of a 
coupling electrode of an EFC antenna as a Surface wave at an 
end of a dielectric Surface-wave transmission line. In the case 
where the longitudinal-wave electric field E generated on the 
Surface of the coupling electrode is incident on one end face 
of the surface-wave transmission line, as illustrated in FIG. 
31A, the longitudinal wave component propagates near the 
central axis of the Surface-wave transmission line in the Vol 
ume mode. In the case where the longitudinal-wave electric 
field E. generated on the surface of the coupling electrode is 
perpendicularly incident on the outer periphery near the end 
of the surface-wave transmission line, as illustrated in FIG. 
31B, a transverse wave component propagates near the Sur 
face of the Surface-wave transmission line in the Surface 
mode. 

In this manner, in the case where a surface wave propagates 
along a dielectric Surface-wave transmission line, the Volume 
mode and the Surface mode exist. The energy is transmitted in 
both the volume mode and the surface mode. In order to 
receive a surface wave emitted from the EFC antenna without 
any loss, it is preferable that the area of one end face of the 
Surface-wave transmission line (thickness of the transmission 
line) be sufficiently large with respect to the size of the cou 
pling electrode. 

FIG.32 shows the result of obtaining a propagation loss S, 
in the case where the size of coupling electrodes of a trans 
mitter and a receiver is changed in the structure illustrated in 
FIG. 27, the result being obtained by a simulation using a 
finite element method. The simulation assumed that the Sur 
face-wave transmission line was a dielectric with a relative 
dielectric constant of 10, a relative magnetic permeability of 
10, an electric conductivity of 0 Siemens/m), a cross-sec 
tional area of 6 mmx6 mm, and a length of 49.6 mm. The 
distance between each of two end faces of the surface-wave 
transmission line and a corresponding coupling electrode was 
set to 50 mm, and the operating frequency was set to 4.5 GHZ. 
Each EFC antenna included a square-shaped coupling elec 
trode whose height was 3 mm, which was disposed on a 
ground board with an area of 20 mmx42 mm, a thickness of 
0.8 mm, and a dielectric constant of 3.4. Each resonating 
section included a stub (described above) with a length of 20 
mm and a width of 3 mm. The length of one side of the 
coupling electrode was variable. It is clear from FIG. 32 that 
the propagation loss S is Substantially constant in the case 
where the thickness of the surface-wave transmission line 
does not change. 

FIG.33 is a graph of the result of obtaining the propagation 
loss S in the case where the thickness of the surface-wave 
transmission line is changed in the structure illustrated in 
FIG. 27, the result being obtained by a simulation using a 
finite element method. The operating frequency was set to 4.5 
GHz. The simulation assumed that the surface-wave trans 
mission line was a dielectric with a relative dielectric constant 
of 10, a relative magnetic permeability of 10, an electric 
conductivity of 0 Siemens/m), and a length of 49.6 mm. The 
distance between each of two end faces of the surface-wave 
transmission line and a corresponding coupling electrode was 
set to 50 mm, and the cross-sectional area thereof was vari 
able. Each EFC antenna included a coupling electrode whose 
area was 11 mmX11 mm and whose height was 3 mm, which 
was disposed on a ground board with an area of 20 mmx42 
mm, a thickness of 0.8 mm, and a dielectric constant of 3.4. 
Each resonating section included a stub (described above) 



US 8,238,824 B2 
23 

with a length of 20 mm and a width of 3 mm. It is clear from 
FIG.33 that the propagation loss S changes with the thick 
ness of the Surface-wave transmission line. 

FIG.34 is a graph of the result of obtaining the propagation 
loss S2 in the case where the relative dielectric constant and 
the relative magnetic permeability of the Surface-wave trans 
mission line are changed in the structure illustrated in FIG. 
27, the result being obtained by a simulation using a finite 
element method. The operating frequency was set to 4.5 GHz. 
Each EFC antenna included a coupling electrode whose area 
was 11 mmX11 mm and whose height was 3 mm, which was 
disposed on a ground board with an area of 20 mmx42 mm, a 
thickness of 0.8 mm, and a dielectric constant of 3.4. Each 
resonating section included a stub (described above) with a 
length of 20 mm and a width of 3 mm. The simulation 
assumed that the Surface-wave transmission line had a cross 
sectional area of 6 mmx6 mm and a length of 49.6 mm. The 
distance between each of two end faces of the surface-wave 
transmission line and a corresponding coupling electrode was 
set to 50 mm. It is clear from FIG.34 that the propagation loss 
S. changes with the relative dielectric constant and the rela 
tive magnetic permeability of the Surface-wave transmission 
line. 
The propagation loss S of the dielectric Surface-wave 

transmission line is dependent on the frequency, the relative 
dielectric constant and the relative magnetic permeability of 
the transmission line, and the thickness of the Surface-wave 
transmission line. Taking into consideration the simulation 
results indicated in FIGS. 32 to 34, a signal propagates effi 
ciently with less loss in the case where, for example, the 
frequency is 4.5 GHZ, the relative dielectric constant is 10, the 
relative magnetic permeability is 10, and the thickness (or the 
cross-sectional area) of the Surface-wave transmission line is 
approximately 6 mmx6 mm. 

It is known that a surface wave propagates along the Sur 
face of a conductor. Such as a metal line, besides the interior 
of a dielectric or a magnetic body. In the case where a mag 
netic Surface-wave transmission line is used, only an electric 
field component is generated from an EFC antenna, and hence 
a magnetic body with a relative dielectric constant of 1 has 
difficulty in capturing a signal. A magnetic body with a rela 
tive dielectric constant of greater than 1 can efficiently trans 
mit a Surface wave, though with a large surface-wave propa 
gation loss. In the case where a dielectric Surface-wave 
transmission line is used, a signal propagates via an electric 
field perpendicular to the surface of the dielectric, a longitu 
dinal-wave electric field causing vibration parallel to the 
direction of travel, which is generated in the center of the 
dielectric, and a magnetic field generated so as to be wound 
around the central axis of the dielectric. 

FIG. 17A illustrates the relationship between the length of 
a surface-wave transmission line and the propagation loss S, 
in the case where a polyphenylene sulfide (PPS) resin serving 
as a dielectric, a nickel-Zinc (NiZn) ferrite serving as a mag 
netic body, or a magnet is used as the Surface-wave transmis 
sion line. Note that the PPS has a dielectric constant of 5 to 12, 
a dielectric loss tangent of 0.002, and a diameter of 10 mm: 
the NiZnferrite has a diameter of 9 mm (internal diameter of 
5 mm); and the magnet has a diameter of 6 mm (see FIG. 
17B). The propagation loss S of the Surface-wave transmis 
sion line is the loss of a Surface wave propagating from the 
surface-wave transmission line at the transmitter side (Port 1) 
to the surface-wave transmission line at the receiverside (Port 
2) in the case where the Surface-wave transmission line is 
interposed between electrodes (see FIG. 17C). It is clear from 
FIG. 17A that the propagation loss is reduced through the 
intermediary of the Surface-wave transmission line inter 
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posed between the EFC antennas of the transmitter and the 
receiver, compared with the case where a surface wave propa 
gates in free space, that is, without any surface-wave trans 
mission line being provided. 
The dielectric or magnetic Surface-wave transmission line 

30 is not limited to a particular shape. For example, the 
surface-wave transmission line 30 can be a plate as illustrated 
in FIG. 7, a strip as illustrated in FIG. 8, or a line as illustrated 
in FIG. 9. Alternatively, in the case of a surface-wave trans 
mission line having a pyramid shape as illustrated in FIG. 10. 
whose vertex is directed to a particular receiver, a surface 
wave emitted from the coupling electrode of the transmitter is 
captured at the bottom Surface of the Surface-wave transmis 
sion line, which can thereafter be allowed to propagate and to 
be concentrated at the vertex. Accordingly, efficient propaga 
tion can be implemented. For example, a transmission line 
with Such a structure is advantageous in performing one-way 
communication from one communication apparatus to 
another. 
As illustrated in FIG. 11, the surface of a dielectric surface 

wave transmission line 30 with a higher dielectric constant 
may be covered with another dielectric outer layer 31 with a 
lower dielectric constant. Accordingly, even when a Surface 
wave is not reflected at the surface of the dielectric with the 
higher dielectric constant and passes therethrough, this Sur 
face wave is reflected at the surface of the other dielectric 
covering the former dielectric with the higher dielectric con 
stant and returns to the dielectric layer in the center. That is, 
the amount of a Surface wave which propagates through the 
Surface-wave transmission line 30 and emanates to the out 
side as a transmitted wave can be reduced, and a signal can be 
transmitted more efficiently. 
A similar advantage can be achieved by forming two or 

more outer layers with different dielectric constants 6 (or 
magnetic permeabilities u) as illustrated in FIG. 11 in which 
the dielectric constant becomes smaller toward the outer part. 
In the case where the dielectric constant 6 (or magnetic 
permeability LL) changes continuously with a distance r from 
the center as illustrated in FIG. 12, instead of the case where 
the dielectric constant 6 (or magnetic permeability u) 
changes step by step according to the distance r from the 
center, the amount of a Surface wave emanating as a transmit 
ted wave outside the surface-wave transmission line 30 can be 
reduced in a similar manner. 

FIG. 13 illustrates a dielectric (or magnetic body) with a 
higher dielectric constant 6 (or with a higher magnetic per 
meabilityu) serving as the Surface-wave transmission line 30, 
which is embedded in another dielectric (or magnetic body) 
with a lower dielectric constant 6 (or with a lower magnetic 
permeability LL). The object in which the dielectric with a 
higher dielectric constant 6 (or the magnetic body with a 
higher magnetic permeability u) is embedded can be config 
ured as a member, Such as a rack, for locating the coupling 
electrodes 13 and 23 of the transmitter 10 and the receiver 20. 

FIG. 14 illustrates the surface-wave transmission line 30 
including, instead of one dielectric (or magnetic body), a 
plurality of separate dielectrics (or magnetic bodies). Since 
the surface-wave transmission line 30 can be separated into 
portions and the separate portions can be used without touch 
ing each other, the communication system according to the 
embodiment can be applied to contactless communication in 
which devices or a device and a member do not have a physi 
cal contact with each other. The separate dielectric portions 
are not necessarily in contact with each other; it is preferable 
that the gap between the dielectric portions be as Small as 
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possible in order to reduce loss, and that the dielectric por 
tions be placed such that signal transmission faces thereof can 
face each other. 

FIG. 15 illustrates an exemplary structure of each contact 
less communication device using a Surface-wave transmis 
sion line. In the example illustrated in FIG. 15, transmission/ 
reception circuit units and coupling electrodes are mounted 
on main circuit boards in respective contactless communica 
tion devices. In the case where nothing is placed in front of 
each electrode, which is housed deep inside a corresponding 
casing, a signal emitted from the electrode is dispersed in air 
in the casing and is lost. In contrast, according to a commu 
nication device with the structure illustrated in FIG. 15, in the 
case where a dielectric or a magnetic body serving as a Sur 
face-wave transmission line is disposed in front of each cou 
pling electrode, an electromagnetic field emanating from the 
coupling electrode is guided by the Surface-wave transmis 
sion line to a desired region of the Surface of the casing, 
whereby the signal can be transmitted efficiently. 

The foregoing description concerns the mechanism in 
which, in the communication system illustrated in FIG. 3, a 
signal is transmitted between a pair of EFC antennas through 
the intermediary of a Surface-wave transmission line. The 
transmission of a signal between two devices necessarily 
involves the transfer of energy. Therefore, this type of com 
munication system can be applied to electric power transfer. 
As has been described above, the electric field E. generated 
by the EFC antenna of the transmitter propagates as a Surface 
wave along the Surface-wave transmission line. The receiver 
side can reliably obtain power by rectifying and stabilizing a 
signal received by the EFC antenna. 
FIG.35 illustrates an exemplary structure of the casewhere 

the communication system illustrated in FIG. 3 is applied to 
electric power transfer. 

In the illustrated system, with EFC antennas included in a 
charger connected to an alternating current (AC) power Sup 
ply and in a wireless communication device, power can be 
transmitted and charged to the wireless communication 
device via a surface-wave transmission line interposed ther 
ebetween. The EFC antennas are used only to transfer electric 
power. 

In the case where no power-receiving EFC antenna is 
located near the power-transmitting EFC antenna, most of the 
power input to the power-transmitting EFC antenna is 
reflected back to a direct-current (DC)/AC inverter. There 
fore, the emission of unnecessary radio waves to the outside 
and the consumption of power beyond necessity can be Sup 
pressed. 

Although the example illustrated in the diagram concerns 
the case where the wireless communication device is charged 
with power, a device charged with power is not limited to a 
wireless device. For example, electric power can be trans 
ferred in a contactless manner to a music player or a digital 
CaCa. 

FIG. 36 illustrates another exemplary structure of the case 
where the communication system illustrated in FIG. 3 is 
applied to electric power transfer. In the illustrated system, 
the EFC antennas and the Surface-wave transmission line are 
used to both transfer electric power and perform communi 
cation. 
The timing to Switch between communication and power 

transmission is controlled by a communication/power trans 
mission-(reception)-Switching signal sent from a transmis 
sion circuit unit. Alternatively, communication and power 
transmission can be alternately performed on a predeter 
mined cycle. In this case, the power transmission output can 
be maintained at an optimum level by feeding back a charging 
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status in addition to a communication signal to the charger. 
For example, when charging is completed, information indi 
cating the completion is sent to the charger, thereby changing 
the power transmission output to Zero. Alternatively, commu 
nication data can be Superimposed on power. 

Although the charger is connected to the AC power Supply 
in the system illustrated in the drawings, the system may be 
applicable to the case where power is supplied from a cellular 
phone to another cellular phone with low battery power 
remaining therein. 
The present invention has been described hereinabove in 

the context of specific embodiments thereof. It is to be under 
stood, however, that modifications of or alternatives to the 
embodiments can be made by those skilled in the art without 
departing from the scope of the present invention. 

In this specification, the embodiments applied to commu 
nication systems in which data, Such as a UWB signal, is 
transmitted using electric-field coupling in a cableless man 
ner have been mainly described. However, the scope of the 
present invention is not limited thereto. The present invention 
is similarly applicable to, for example, a communication sys 
tem using an RF signal other than that in the UWB commu 
nication Scheme or a communication system performing data 
transmission of a relatively low frequency signal using elec 
tric-field coupling. 

In this specification, the embodiments applied to systems 
in which data is communicated between a pair of EFC anten 
nas through the intermediary of a surface-wave transmission 
line interposed therebetween have been mainly described. 
Since the transmission of a signal between two devices nec 
essarily involves the transfer of energy, this type of commu 
nication system can also be applied to electric power transfer. 

In short, the present invention has been disclosed by way of 
examples, and the disclosure should not be construed as the 
restrictive one. Reference shall be made to the appended 
claims for delineation of the scope of the present invention. 

It should be understood by those skilled in the art that 
various modifications, combinations, Sub-combinations and 
alterations may occur depending on design requirements and 
other factors insofar as they are within the scope of the 
appended claims or the equivalents thereof. 
What is claimed is: 
1. A communication system comprising: 
a transmitter including a transmission circuit unit config 

ured to generate a radio-frequency signal for transmit 
ting data and an electric-field-coupling antenna config 
ured to transmit the radio-frequency signal; 

a receiver including an electric-field-coupling antenna and 
a reception circuit unit configured to receive and process 
the radio-frequency signal received by the electric-field 
coupling antenna; and 

Surface-wave propagation means for providing a surface 
wave transmission line to transmit a surface wave that is 
an electric-field longitudinal wave component emanat 
ing from the electric-field-coupling antenna of the trans 
mitter with low propagation loss. 

2. The communication system according to claim 1, 
wherein the radio-frequency signal is an ultra-wideband sig 
nal using an ultra-wideband. 

3. The communication system according to claim 1, 
wherein the Surface-wave transmission line includes a dielec 
tric with a dielectric constant 6 greater than a dielectric 
constant 6 of air. 

4. The communication system according to claim 3, 
wherein the Surface-wave transmission line includes a dielec 
tric whose dielectric constant becomes greater toward an 
inner part thereof. 
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5. The communication system according to claim 3, 
wherein the surface-wave transmission line is embedded in 
another dielectric with a lower dielectric constant. 

6. The communication system according to claim 1, 
wherein the Surface-wave transmission line includes a mag 
netic body with a magnetic permeability LL greater than a 
magnetic permeability Lo of air. 

7. The communication system according to claim 6. 
wherein the Surface-wave transmission line includes a mag 
netic body whose magnetic permeability becomes greater 
toward an inner part thereof. 

8. The communication system according to claim 6. 
wherein the surface-wave transmission line is embedded in 
another magnetic body with a lower magnetic permeability. 

9. The communication system according to claim 1, 
wherein the Surface-wave transmission line includes a plural 
ity of separate dielectrics or magnetic bodies. 

10. The communication system according to claim 1, 
wherein the receiver rectifies the radio-frequency signal 
received by the electric-field-coupling antenna and generates 
electric power. 

11. A communication apparatus comprising: 
an apparatus casing: 
a communication circuit unit configured to process a radio 

frequency signal for transmitting data, the communica 
tion circuit unit being accommodated in the apparatus 
casing: 

a resonating section configured to allow the radio-fre 
quency signal output from the communication circuit 
unit to resonate at a desired frequency, the resonating 
section being accommodated in the apparatus casing: 

a coupling electrode whose central portion is connected to 
the resonating section, the coupling electrode being 
accommodated in the apparatus casing; and 
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a surface-wave transmission line disposed in front of the 

coupling electrode, 
wherein the Surface-wave transmission line captures an 

electric-field longitudinal wave component generated in 
the vicinity of a front side of the coupling electrode and 
transmits the captured electric-field longitudinal wave 
component as a Surface wave in an interior of the Sur 
face-wave transmission line. 

12. The communication apparatus according to claim 11, 
wherein the Surface-wave transmission line captures a Surface 
wave emanating from the coupling electrode and guides the 
Surface wave to a desired region of a Surface of the casing. 

13. The communication apparatus according to claim 11, 
wherein the resonating section includes a series inductor and 
a parallel inductor. 

14. A communication system comprising: 
a transmitter including a transmission circuit unit config 

ured to generate a radio-frequency signal for transmit 
ting data and an electric-field-coupling antenna config 
ured to transmit the radio-frequency signal; 

a receiver including an electric-field-coupling antenna and 
a reception circuit unit configured to receive and process 
the radio-frequency signal received by the electric-field 
coupling antenna; and 

a surface-wave propagation medium configured to provide 
a Surface-wave transmission line to transmit a Surface 
wave that is an electric-field longitudinal wave compo 
nent emanating from the electric-field-coupling antenna 
of the transmitter with low propagation loss. 


